The superhelicity of double-stranded, closed circular SV40 DNA was altered by the addition of various amounts of ethidium bromide. The interaction of fl histone with the series of molecules of various superhelicities was studied. The extent of interaction increases with increasing superhelicity regardless of whether it is of the positive or negative sense. Fig. 1 , the radioactive DNA was mixed with sufficient fI histone to bind about 50% of the DNA and the mixtures were incubated for 10 min. Thereafter, unlabeled DNA was added in various amounts and incubation was continued for 10 additional minutes. The mixtures were then filtered in the usual way. The amount of radioactivity trapped on the filter decreased by 50% when the weight of unlabeled DNA equalled the weight of radioactive DNA originally present. The control experiment shown in Fig. 1 , in which the labeled and unlabeled DNA were mixed prior to the addition of histone, shows essentially the same de- In one experiment (*) the unlabeled DNA was added after incubation of fl and 14C-labeled DNA for 10 min and incubation was continued for another 10 min before ending the reaction by filtration. In the second experiment (0) the labeled and unlabeled DNA were first mixed, fl was added, and the mixture was incubated for 20 min.
We would now like to report experiments which extend our earlier results. More particularly, the experiments described below indicate that the extent of interaction between fi histone and superhelical DNA is a function of the degree of superhelicity. We have taken advantage of the ability of the intercalating dye ethidium to alter the degree of superhelicity (2-4).
MATERIALS AND METHODS
The preparations of DNA and histones were as described previously (1) . Simian virus 40 (SV40) component I DNA served as the superhelical DNA in all the experiments described here. Ethidium bromide was obtained from Sigma, and aqueous solutions were prepared as stocks. Concentrations of ethidium were determined by weighing.
The procedure for measuring interaction has been described in detail (1) . In brief, DNA and histone -were incubated in a total volume of 0.1 ml containing 0.05 M Tris. HCI, pH 7.8, 0.1 M NaCl, and 1 mM EDTA. After suitable incubation periods (stated in the legends) at 230 reaction mixtures were passed through Millipore filters and the filters were then washed with the same buffer mixture. After drying, the radioactivity on the filters was measured.
Abbreviations: SV40, simian virus 40; Component I DNA is a closed circular duplex; Component II is a circular duplex with at least one nick (broken phosphodiester bond) in one of the two strands; Component III is the full length linear duplex molecule prepared by digestion with EcoRI endonuclease (1) . 2597 RESULTS Reversibility of the Interaction Between fl Histone and Superhelical DNA. When "4C-labeled SV40 component I DNA was allowed to react with fl histone and various amounts of unlabeled DNA were added to the solutions afterwards, the amount of radioactive DNA detected in the complex, after filtration, decreased. In the experiment shown in Fig. 1 , the radioactive DNA was mixed with sufficient fI histone to bind about 50% of the DNA and the mixtures were incubated for 10 min. Thereafter, unlabeled DNA was added in various amounts and incubation was continued for 10 additional minutes. The mixtures were then filtered in the usual way. The amount of radioactivity trapped on the filter decreased by 50% when the weight of unlabeled DNA equalled the weight of radioactive DNA originally present. The control experiment shown in Fig. 1 , in which the labeled and unlabeled DNA were mixed prior to the addition of histone, shows essentially the same de- histone, 1Jg/ml of 14C-labeled Component I SV40 DNA, and the indicated amounts of unlabeled Component I SV40 DNA. In one experiment (*) the unlabeled DNA was added after incubation of fl and 14C-labeled DNA for 10 min and incubation was continued for another 10 min before ending the reaction by filtration. In the second experiment (0) the labeled and unlabeled DNA were first mixed, fl was added, and the mixture was incubated for 20 min.
The fl-dependent accumulation of "4C-labeled Component I SV40 DNA in the absence of unlabeled DNA was 44% and was taken as crease in radioactivity on the filter as in the experiment where the unlabeled DNA was added after an initial reaction period. Thus, the interaction between fl histone and superhelical DNA is readily reversible.
Interaction of fI Histone with DNAs of Varying Superhelicity. Titration of negatively superhelical DNA. with increasing amounts of the intercalating dye ethidium leads to a decreasing degree of negative superhelicity because of the decrease in the duplex winding number of the DNA (2) . At a critical ethidium concentration, dependent on the initial superhelicity (2, 5) , the salt conditions (5, 6) and the temperature (3, 5) , the duplex winding number becomes equal to the topological winding number of the DNA ties can be used to demonstrate these effects, among them the sedimentation coefficient of the DNA relative to that of the nicked, relaxed, double-stranded circular form of the same molecule, at the same ethidium concentrations (2, 5, 7). Fig. 2A shows the effect of added ethidium bromide on the relative sedimentation coefficient of SV40 DNA, under the salt conditions used in our experiments. The shape of the curve is identical to that of those previously published and the point of minimum sedimentation constant is at an ethidium concentration consistent with that expected for the condition used (5) . Between zero ethidium concentration and the concentration yielding the minimum observed sedimentation constant, the decreasing negative superhelicity of the SV40 DNA is reflected in a decreasing sedimentation constant. After the minimum is reached, the sedimentation constant of the DNA increases as the molecule becomes more and more positively superhelical. (Fig. 3) . Thus, only the interaction of fi histone and superhelical DNA shows the unusual curve seen in Fig. 2B . We conclude that the extent of interaction of fI with the superhelix is a direct function of the degree of superhelicity regardless of the sign of the superhelicity. Furthermore, it appears that the binding of the ethidium to the superhelix does not itself influence the interaction with fi histone under the conditions of our experiments. Rather, the ability of fI to interact with the DNA is altered only by the conformational changes that secondarily accompany the binding of ethidium.
The data in Fig. 4 demonstrate that the interaction of fi histone and closed circular DNA is readily reversible, regardless of the superhelical density. In one of the curves in Fig. 4 , fI histone and DNA were first mixed and incubated and then ethidium was added and incubation continued. In a second curve, DNA was first mixed with ethidium and the fi histone was added later. In the third curve in Fig. 4 More extensive experiments with 3H-labeled fI histone have shown the earlier conclusion to be erroneous. The fI histone, in the amounts used in these experiments, does indeed bind to the filters in the absence of added DNA.
DISCUSSION
The experiments presented here indicate that the extent of interaction between fI histone and superhelical DNA depends on the superhelix density of the DNA molecule. The effect we have measured is on the extent of the reaction, not the rate, since the interaction between fi histone and the DNA is complete within one minute (1) under the conditions of our experiments. The change in the amount of DNA trapped on the nitrocellulose filters as a function of superhelix density may reflect changes in the association constant for fI histone-DNA interaction, in the number of high affinity binding sites on the DNA, or simply an alteration in the DNA structure changing its ability to pass through the filter. The latter possibility seems unlikely, since control experiments (see Fig. 3 ) with DNAs of various superhelicities and f3 histone showed no apparent effect of superhelix density on the accumulation of DNA on the filters. The observations of Saucier and Wang (8), who studied the retention of closed circular duplex DNA on nitrocellulose filters as a function of ethidium concentration, are not related to the present findings, since the experiments were carried out without washing of the filters. Simple washing, such as used in our experiments, readily removed the DNA from the filters (1, 8) . Furthermore, Saucier and Wang (8) observed the greatest retention when the ethidium bromide concentration was such as to yield molecules with zero superhelicity and retention decreased with either positive or negative superhelicity. Thus the retention curve was exactly opposite to the one we have observed in the presence of fI histone.
The association between fi histone and closed circular double-stranded DNA was reversible at all values of superhelix density tested. Furthermore, the data suggest that the binding of ethidium and the binding of fI histone to the DNA are essentially independent. Olins (9) observed that the binding constant for the interaction of linear double-stranded DNA with ethidium is unaffected by the presence of histone even at histone concentrations, relative to DNA concentration, much higher than those used in the present experiments. In contrast to the negligible effect on binding constant, fI histone did decrease the number of binding sites for ethidium on the linear DNA (9) . However, the lowest ratio of histone to DNA tested was more than three times higher than the ratio in our experiments and at that ratio the effect on the number of binding sites was rather small [0.19 compared to 0.25 binding sites per nucleotide for the free linear DNA (9)].
Wang and his colleagues (10-13) have reported previously on the influence of negative superhelicity on the interaction between DNA and several enzymes and proteins. These workers pointed out that such experiments may provide information on the mechanism of protein-DNA interaction. Thus, if a given reaction is favored by the presence of negative superhelicity in the DNA substrate, compared to the reaction with the nonsuperhelical form, it is possible that the reaction itself leads to an unwinding of double-helical turns, which in turn decreases the negative superhelicity. The reaction would then be driven by the relatively high energy state of the negatively superhelical molecule. For example, transcription of closed circular DNA by Escherichia coli RNA polymerase increases with increasing negative superhelicity (10, 11) . In the case of the interaction between fI histone and superhelical DNA a different interpretation is Biochemistry: Vogel and Singer necessary, since the reaction is favored by both negative and positive superhelicity. [In fact, the experiments reported by Wang and his colleagues dealt only with negative superhelices (10) (11) (12) (13) .] If fi histone caused an unwinding of the double helix it would tend to make the positive superhelices even more positive and would therefore not be favored energetically. On the other hand, if fi histone were acting primarily to stabilize the double helix, as it has been reported to do (9) , it would tend to make the negative superhelices even more negative and the reaction would again not be favored energetically. One possible interpretation of our results is, therefore, that fI histone interacts specifically with the superhelical twists themselves.
The special ability of fi histone to interact with superhelical DNA is of some interest in relation to recent proposals concerning the structure and function of chromatin. Several suggested arrangements of histones in chromatin have been published in the last year (14) (15) (16) . None of these suggestions assigns a specific structural role to fi histone: The proposed structures involve only the other four main histone fractions, and, more particularly, the winding of the DNA double helix relative to various complexes of those histone fractions. Earlier (17, 18) it was proposed that fi histone is involved in the cross-linking or condensation of chromatin fibrils. If, as suggested by our data, fi histone interacts preferentially with twisted double-helices, that is, with four-stranded structures, then such twisted configurations, stabilized by fi histone, may be involved in the folding of DNA double helices in the regions between the regularly spaced complexes of the other four histones. It is not difficult to draw many possible structures based on this idea and those structures can readily account for the fact that there appears to be about half the molar amount of fi histone in chromatin, compared to each of the other histone fractions.
It is also important to point out that published data suggest a relation between the phosphorylation of fi histone and the condensation of chromatin (18, 19) . The fi histone used in our experiments is a mixture of phosphorylated and unphosphorylated species. Furthe&experiments are required to determine the possible influence of the histone phosphate on the ipteraction of fi histone with superhelical DNA.
FinallV, the data presented here suggest that the interaction of fI histone and superhelical DNA in the presence of ethidium may offer a new and simple method for the estimation of the superhelical density of closed circular duplex DNAs. Additional experiments will be required to validate this suggested method.
